ABSTRACT. Objective. The hemolytic uremic syndrome (HUS) consists of hemolytic anemia, thrombocytopenia, and renal failure. HUS is often precipitated by gastrointestinal infection with Shiga toxin-producing Escherichia coli and is characterized by a variety of prothrombotic host abnormalities. In much of the world, E coli O157:H7 is the major cause of HUS. HUS can be categorized as either oligoanuric (which probably signifies acute tubular necrosis) or nonoligoanuric. Children with oligoanuric renal failure during HUS generally require dialysis, have more complicated courses, and are probably at increased risk for chronic sequelae than are children who experience nonoligoanuric HUS. Oligoanuric HUS should be avoided, if possible. The presentation to medical care of a child with definite or possible E coli O157:H7 infections but before HUS ensues affords a potential opportunity to ameliorate the course of the subsequent renal failure. However, it is not known whether events that occur early in E coli O157:H7 infections, particularly measures to expand circulating volume, affect the likelihood of experiencing oligoanuric HUS if renal failure develops. We attempted to assess whether pre-HUS interventions and events, especially the volume and sodium content of intravenous fluids administered early in illness, affect the risk for developing oligoanuric HUS after E coli O157:H7 infections.
exceeded the upper limit of normal for age). A wide range of pre-HUS variables, including demographic factors, clinical history, medications given, initial laboratory values, and volume and content of parenteral fluid administered, were recorded and entered into analysis. Estimates of odds ratios were adjusted for possible confounding effects using logistic regression analysis. Twenty-nine children who were <10 years old, had HUS confirmed to be caused by E coli O157:H7, and were hospitalized at the Children's Hospital and Regional Medical Center, Seattle, were studied. The main outcome measured was development of oligoanuric renal failure. Oligoanuria was defined as a urine output <0.5 mL/kg per hour for at least 24 consecutive hours.
Results. As a group, the children with oligoanuric renal failure presented to medical attention and were evaluated with laboratory testing later than the children with nonoligoanuric renal failure. On initial assessments, the children with oligoanuric outcomes had higher white blood cell counts, lower platelet counts and hematocrits, and higher creatinine concentrations than the children with nonoligoanuric outcomes, but these determinations probably reflect later points of these initial determinations, often when HUS was already developing. Stool cultures were obtained (medians of 3 vs 2 days, respectively) and positive (medians of 7 vs 4 days, respectively) at later points in illness in the children in the oligoanuric than in the nonoligoanuric group. Intravenous volume expansion began later in illness in the children who subsequently developed oligoanuric renal failure than in those whose renal failure was nonoligoanuric (medians: 4.5 vs 3.0 days, respectively). Moreover, the 13 patients with nonoligoanuric renal failure received more intravenous fluid and sodium before HUS developed (1.7-and 2.5-fold differences, respectively, between medians) than the 16 patients with oligoanuric renal failure. These differences were even greater when the first 4 days of illness were examined, with 17.1-and 21.8-fold differences, respectively, between medians. In a multivariate analysis adjusted for age, gender, antibiotic use, and free water volume administered intravenously to these children during the first 4 days of illness, the amount of sodium infused remained associated with protection against developing oligoanuric HUS. Dialysis was used in each of the children with oligoanuric renal failure and in none of the children with nonoligoanuric renal failure. The median length of stay in hospital after the diagnosis of HUS was 12 days in the oligoanuric group and 6 days in the nonoligoanuric group.
Conclusions. Early recognition of and parenteral volume expansion during E coli O157:H7 infections, well before HUS develops, is associated with attenuated renal injury failure. Parenteral hydration in children who are possibly infected with E coli O157:H7, at the time of presentation with bloody diarrhea and in advance of culture results, is a practice that can accelerate the start of volume expansion during the important pre-HUS interval. Rapid assessment of stools for E coli O157:H7 by microbiologists and reporting of presumptive positives immediately can alert practitioners that patients are at risk for developing HUS and can prompt volume expansion in children who are not already being so treated. Our data also suggest that isotonic intravenous solutions might be superior to hypotonic fluids for use as maintenance fluids. T he hemolytic uremic syndrome (HUS) follows ϳ15% of culture-proven childhood Escherichia coli O157:H7 infections and occurs ϳ1 week after diarrhea begins. [1] [2] [3] [4] [5] Oligoanuric renal failure during HUS usually necessitates dialysis and lengthens hospitalization; its occurrence and duration are risk factors for chronic sequelae. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Ideally, the oligoanuric form of HUS should be prevented, because oligoanuria seems to represent a more severe form of renal injury.
Vascular injury and prothrombotic coagulation abnormalities, such as thrombin generation, fibrinolysis inhibition, intravascular fibrin accretion, 3 elevated circulating platelet activating factor, 16 and degraded von Willebrand factor multimers, 17 precede renal injury in infected children. These findings suggest that vascular occlusion, a process that conceivably could be attenuated by volume expansion, at least partly underlies renal insufficiency during HUS. We examined children with HUS in a prospective study of E coli O157:H7 infections to determine whether any factors or events, particularly those relating to volume expansion that could affect renal perfusion, before HUS evolves are associated with a diminished occurrence of oligoanuria.
METHODS

Patients and Clinical Data
This study was approved by an Institutional Review Board (or equivalent group) for each participating institution. HUS was defined by the presence of hemolytic anemia (hematocrit of Ͻ30%, with fragmented erythrocytes on peripheral-blood smear), thrombocytopenia (platelet count of Ͻ150 000/mm 3 ), and renal insufficiency (serum creatinine concentration that exceeded the upper limit of normal for age). 18 Oligoanuria was defined as a urine output Ͻ0.5 mL/kg per hour 19 for Ն24 consecutive hours.
Children who were Ͻ10 years old and had HUS caused by E coli O157:H7 entered the study by belonging to 1 of 4 groups: group 1, children in whom E coli O157:H7 was recovered by stool culture from microbiologists in Washington, Oregon, and Idaho; group 2, children who had diarrhea and were contacts of children with culture-proven E coli O157:H7 infection; group 3, children who were admitted to the Seattle Children's Hospital and Regional Medical Center with acute bloody diarrhea; or group 4, children who had HUS preceded by diarrhea. After notification, we requested that the treating physician seek the patient's family permission for us to approach them about participating in the study. When permission was granted, we explained to the family the purpose of the research and obtained written informed consent from the child's parent or guardian and assent from the child when appropriate. Data were analyzed from children in groups 1, 2, and 3 only when they developed HUS and were hospitalized at Children's Hospital and Regional Medical Center during their HUS and from children who were enrolled in groups 2, 3, and 4 only when their stool yielded E coli O157:H7. We encouraged the use of intravenous isotonic crystalloid 20 until renal insufficiency necessitated restrictions in the patients who were enrolled and subsequently developed HUS. However, treating physicians were responsible for all fluids that were administered before and after enrollment.
A standardized questionnaire was administered to each child's caregiver to determine when the diarrhea began and which medications were taken. The first day of diarrhea was considered to be the first day of illness. The days of illness on which stools were submitted for culture and on which E coli O157:H7 was presumptively identified were analyzed as factors that might affect the outcome. However, when E coli O157:H7 was isolated after HUS was diagnosed, we used the day that HUS developed as the day of isolation. This alternative assignment was made because we believed that microbiologic diagnosis after HUS onset was unlikely to have influenced management. The period of risk for developing HUS was considered to be 14 days after the onset of diarrhea, in accordance with results from previous Washington State studies. 2, 4 Laboratory and nursing records from all facilities where patients were evaluated and treated were reviewed to verify criteria fulfillment and record medications administered, volume and content of fluids infused on each day during the pre-HUS interval (defined as the period between the first day of diarrhea and the day before HUS was diagnosed, to avoid analyzing fluids that were restricted because of concerns about overload in patients with established or evolving renal failure), patient height and weight, initial white blood cell and platelet counts, serum creatinine and urea nitrogen concentrations, and serum sodium concentration when HUS developed. The volumes and sodium contents of all intravenously administered fluids were divided by body surface area. 21 On day 9 or 10 of illness and only 1 or 2 days before the case definition of HUS was attained but after thrombocytopenia was apparent, 3 patients received 100, 250, or 360 mL of packed erythrocytes, and 1 received 68 mL of 25% albumin, estimated as equivalent to receiving 30% and 100%, respectively, of the transfused volumes as 0.9% saline. 
Statistical Analysis
Differences between the children who developed oligoanuria and those who did not were tested for significance using the 2-tailed Fisher exact test for proportions and the Mann-Whitney test for medians. First, we related outcome to fluids administered during the entire pre-HUS interval and then during the first 4 days of illness. The first 4 days of illness, which preceded HUS in all cases, is the more standardized and interpretable of the intervals, because it represents the same fixed period for all patients. In contrast, fluids that were administered during the entire pre-HUS phase varied according to the day the therapy was initiated and the day on which HUS developed.
We used multivariate logistic regression analysis to examine the association between sodium infused early in illness and the development of oligoanuria, adjusting for age, gender, pre-HUS antibiotic use, and free water administration. These variables were chosen for their potential to influence the relationship between intravenous sodium administration and the subsequent development of oligoanuria. The associations between oligoanuria and the independent variables were estimated by odds ratios, which were calculated from the logistic regression coefficients and their standard errors and reported as adjusted odds ratios (ORs) with 95% confidence intervals (CIs) and 2-tailed P values.
Data were analyzed using SPSS (version 11.0 for Macintosh OX, SPSS, Inc, Chicago, IL). Figures were created in SPLUS (version 6, Insight, Inc, Seattle, WA).
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RESULTS
Between May 1, 1997, and May 1, 2003, 29 children who were Ͻ10 years old and had HUS caused by E coli O157:H7 were treated at the Children's Hospital and Regional Medical Center ( Table 1) . As a group, the 16 children with oligoanuric HUS, all of whom were dialyzed, had significantly higher initial white blood cell counts and serum creatinine concentrations, lower platelet counts, and longer hospital stays after the diagnosis of HUS than did the 13 patients with nonoligoanuric HUS, none of whom were dialyzed. The children in the oligoanuric group resembled those in the nonoligoanuric in terms of demographic characteristics, rates of vomiting and bloody diarrhea, and day of onset of HUS but had later median days of illness on which they (or their caregivers) noticed bloody diarrhea (3.0 vs 2.0; P ϭ .047; among the 14 and 12 patients, respectively, whose stools were noted to contain gross blood), presented to medical attention (3.0 vs 2.0; P ϭ .066), submitted stool for culture (3.0 vs 2.0; P ϭ .016), underwent initial creatinine (4.5 vs 3.0; P ϭ .023) and white blood cell (5.0 vs 3.0; P ϭ .079) determinations, and were determined to be infected with E coli O157:H7 (or day of onset of HUS when the culture was reported as being positive after that point; 7.0 vs 4.0; P ϭ .001; Fig 1 and Table 1 ).
Patients in the oligoanuric group received significantly less intravenous fluid volumes and sodium (1.7-and 2.5-fold differences in median values; P ϭ .019 and 0.004, respectively) than those with nonoligoanuric renal failure during the entire pre-HUS period. When the analysis was confined to the first 4 days of illness, the differences in fluid and sodium administration were magnified (17.1-and 21.8-fold differences in median values; P ϭ .002 and 0.001, respectively). Moreover, during the first 4 days of illness, children who subsequently developed oligoanuric HUS were significantly less likely than those in the nonoligoanuric group to have received any intravenous fluids (P ϭ .02). In neither interval did the free water volumes that were received by members of the 2 groups differ significantly (Table 1 and Fig 2) . The serum sodium concentrations at HUS onset were significantly higher in the nonoligoanuric group than in the oliganuric group (137 vs 132 mEq/L; range: 132-140 vs 125-138 mEq/L, respectively; P ϭ .001).
We next performed a logistic regression analysis to examine the effects of a variety of factors on the likelihood of developing oligoanuric HUS. The total amount of sodium infused was significantly associated with a diminished oligoanuria rate (adjusted OR: 0.995; 95% CI: 0.990 -0.999; P ϭ .019), but age (OR: 1.773; 95% CI: 0.810 -3.882; P ϭ .152), gender (OR: 1.930; 95% CI: 0.167-22.259; P ϭ .598), frequency of administration of pre-HUS antibiotics (OR: 1.183; 95% CI: 0.084 -16.576; P ϭ .901), and free water contained in intravenous fluids that were administered during the first 4 days of illness (OR: 1.000; 95% CI: 0.999 -1.001; P ϭ .519) were not. Table 2 shows the decrease in the likelihood of developing oligoanuria by increased amounts of in-
sodium more than another, the risk for developing oligoanuric HUS in the former is 59% that of the latter, all other variables being equal.
DISCUSSION
Volume expansion during acute E coli O157:H7 infection might counteract the consequences of small vessel thrombi by improving renal perfusion, preventing glomerular tubular imbalance from hypoperfusion and ischemia, and maintaining tubular flow. Volume expansion might also mitigate the nephrotoxicities of filtered urate [22] [23] [24] and hemoglobin 25 and of Shiga toxin's effects on renal tubular epithelial cells 26 and monocytes 27 that are independent of thrombotic changes. Indeed, salt loading protects against presumably nonthrombotic nephrotoxicity, such as that caused by amphotericin, 28 and isotonic saline prevents nephropathy caused by radiocontrast media better than does hypotonic saline. 29 It is interesting that unlike a Minnesota study that suggested that antibiotic administration was related to a milder course of HUS, 30 we detected no statistically significant association between antibiotic administration and development of either oligoanuria or nonoligoanuria. However, in our study, children who received antibiotics generally also received less intravenous sodium and fluids. Thus, it is plausible that the chief determinant of oligoanuria is inadequate volume expansion pre-HUS, not antibiotics.
We have encouraged hospitalizing children who are infected with E coli O157:H7 and then administering intravenous isotonic fluids 20 for a variety of reasons: mandated contact precautions for hospitalized patients who are infected with E coli O157:H7 31 are too stringent to be provided by caregivers at home. Vomiting 4,5 complicates attempts to provide oral rehydration, and oral hypotonic fluids will not expand intravascular volume as well as isotonic fluids that are administered intravenously. Also, we have observed that boluses of intravenous isotonic fluids frequently diminish the discomfort associated with eating or drinking during E coli O157:H7 infections.
Additional considerations prompt avoidance of hypotonic "maintenance" fluids, even if diarrheal losses are replaced with isotonic crystalloid. First, stool volumes are difficult to quantify in young children, because urine and feces are often mixed. Second, hypotonic fluids can lead to hyponatremia, which might lower the seizure threshold. Third, isotonic fluids have been proposed to be generally safer than hypotonic intravenous fluids in hospitalized children. 32, 33 Fourth, one can easily underestimate the degree of volume depletion during E coli O157:H7 infections because vascular injury causes extracellular fluid leakage. The resulting edema not only complicates intravascular volume status assessment but also obligates additional intravascular re- .020
Day 1 of illness was defined as the first day of diarrhea. -indicates that the variable is not applicable. * Blood was not observed in the stool in 2 children in the oligoanuric group and in 1 child in the nonoligoanuric group. † Number of days that patients were hospitalized after the diagnosis of HUS.
e676 VOLUME EXPANSION AND E COLI O157:H7 INFECTIONS pletion to maintain organ perfusion, which is better provided by isotonic fluids. The inferred advantage of isotonic (compared with hypotonic) solutions for infusion at volumes that are appropriate for physiologic conditions is illustrated by a hypothetical infected 4-year-old. If that child weighs 16 kg and is 106 cm tall, then he or she will have a body surface area of 0.69 m 2 . If that child is admitted at the beginning of day 4 of illness and receives a 20 mL/kg bolus of 0.9% saline on presentation and intravenous fluids for 24 hours at 1500 mL/m 2 of body surface area per day 34 that contains 0.9%, 0.45%, or 0.23% saline, then that child will be given 208, 129, or 89 mEq/m 2 body surface area of intravenous sodium during the first 4 days of illness. Only the first of these values falls above the 25th percentile of sodium received by children in the nonoligoanuric group in this study.
One patient required pleural effusion drainage and another was intubated overnight because of pulmonary edema 2 and 4 days, respectively, after HUS onset, but we identified no other complications that seemed to be related to pre-HUS fluids in this series. These 2 patients each had nonoligoanuric renal failure and received less than the median fluid volume and sodium for that group pre-HUS. The causal association between pre-HUS fluids and the complications in these 2 children is uncertain because pulmonary problems during HUS are not rare; for example, in a 1993 E coli O157:H7 outbreak, in an era before volume expansion was used extensively in infected children, 9 of 37 HUS patients had respiratory complications. 35 No patient experienced clinically significant vascular overload 36 or hypernatremia, a potential complication of isotonic maintenance fluids, 37 before HUS developed. In fact, our data suggest that pre-HUS volume expansion is associated with protection against hyponatremia, because patients with normal serum sodium concentrations at the onset of HUS tended to have nonoligoanuric HUS and also to have received intravenous volume expansion early in illness. Nonetheless, the use of any intravenous fluids in this setting warrants careful monitoring.
Children who develop azotemia yet are still urinating present particular challenges. Continued volume expansion might yield additional renal protection, but if acute tubular necrosis is inevitable, then such fluids might precipitate pulmonary overload. Therefore, we strongly encourage the hospitalization of such patients in institutions that are skilled in monitoring children for signs of and treating central volume overload and hypertension to reduce salt and water infusion rates if and when hypertension or cardiopulmonary overload occurs and to obtain pediatric nephrology consultation when renal insufficiency develops. However, if a child can be monitored assiduously, then we do not believe that fluids or sodium needs restricting merely because the serum creatinine concentration is rising.
Children who present early in illness during E coli O157:H7 infections have higher rates of developing HUS, 1 possibly because they have more fulminant and severe vascular injury. However, infected children who are presented for medical attention early in illness present a paradox: although they are more likely to develop HUS, they also stand to benefit from an opportunity to receive parenteral volume expansion well before renal insufficiency ensues, during a interval when such therapy is presumably safe. Therefore, we encourage hospitalization and isotonic volume expansion and fluid maintenance in advance of recovering E coli O157:H7 from patients with bloody diarrhea or symptomatic contacts of infected patients, because the critical interval during which this expansion might be beneficial is not known and might be short. We continue this therapy until the platelet count rises 20 or the clinical condition obligates fluid and salt curtailment.
E coli O157:H7 detection provides another opportunity to alert clinicians that a patient is at risk for developing renal failure, because volume expansion and isotonic fluid maintenance can be started at that point in patients who are not already receiving this intervention. In fact, our analysis understates the association between timely and accurate microbiologic diagnosis and a good outcome, because in 3 oligoanuric patients, we counted the day of microbiologic diagnosis as being the day of onset of HUS, although E coli O157:H7 was isolated later in illness. Several study limitations warrant comment. Most important, children who received intravenous volume expansion early in illness might have differed fundamentally from those who did not receive this support. However, none of our data, including an intensive interrogation of critical events early in illness, suggested bias or any differences between the 2 groups of children; the initial (and often abnormal) laboratory values in the oligoanuric group often reflected early HUS, because they were obtained considerably later in illness. In fact, the earlier median onset of bloody diarrhea and presentations to medical attention of children in the nonoligoanuric group suggest that these patients might have actually had more fulminant illnesses, because their symptoms prompted earlier and more extensive laboratory testing and volume expansion. Thus, the simplest explanation for the better outcomes in the children who were evaluated early is that they received early vol- ume expansion, not that they had milder illness. We also considered the remote possibility that the transfusion of erythrocytes to 3 patients might have influenced their course by neutralizing Shiga toxin absorbed from the gut, but we believe that this is unlikely to have been the case because (1) erythrocytes do not bind Shiga toxin that is produced by E coli O157:H7 at body temperature 38 ; (2) antigens that are expressed on host erythrocytes, including P1, do not have a clear relation to HUS risk 39 ; (3) the distribution of the multiple patients' blood types, which clearly comprise more red cell mass than the transfused cells, was an imponderable; and (4) patients in this series rarely have toxin in their stool as HUS develops. 40 Moreover, these 3 patients received a transfusion on day 9 or 10 of illness, 1 or 2 days in advance of meeting the case definition of HUS and well after the vascular injury commenced. A randomized, controlled trial of intravenous fluids would be an ideal test of the value of volume expansion during E coli O157:H7 infections. However, patients seek and receive medical attention at multiple different venues and points in illness and are often not recognized early in illness as being infected with a pathogen that causes renal failure. Moreover, withholding fluids from control patients who have a dehydrating illness and are at risk for developing subsequent renal failure would be unethical. An alternative method to confirm or refute our findings is to perform this analysis in different populations of children with well-characterized antecedent infections.
Our data do not permit us to recommend the optimal salinity of intravenous fluids or the duration of their administration; it is possible that the sustained infusion beyond the first 4 days of illness extended the benefit. Also, we could not examine the influence of fluids taken by mouth, because it was impossible to determine accurately their volumes or sodium contents. In addition, our data do not address whether intravenous volume expansion diminishes the risk for developing HUS among infected children. However, data 11, 15 suggest that the differentiation between oligoanuric HUS and nonoligoanuric HUS is at least as consequential as the differentiation between uncomplicated gastrointestinal infection and nonoligoanuric HUS. Finally, our analysis does not consider the costs and risks of hospitalization for children who are not destined to develop HUS, but we believe that there is considerable potential benefit to volume expansion, in aggregate and in individual cases, if this intervention can convert a case of oligoanuric HUS to nonoligoanuric HUS, as suggested by our data.
CONCLUSIONS
Ambulatory practitioners rarely have opportunities to recognize patients at such an appreciable and predictable risk of shortly developing oligoanuric renal failure as are children who are infected with E coli O157:H7. Oligoanuria or its duration during HUS is associated with worse outcomes [6] [7] [8] [9] [10] [11] [12] [13] [14] and should be avoided. 15 At our institutions, we encourage starting intravenous isotonic volume expansion as early as possible in E coli O157:H7 infections, even before culture results are known. Volume expansion's benefits are harmonious with our emerging understanding of HUS pathophysiology. However, renal injury can still follow E coli O157:H7 infections in well-hydrated children. The way to prevent HUS is to prevent infections with E coli O157:H7.
